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PURPOSE 
The object of this research is to study the utility of radar 
equipment in measuring surface precipitation and to improve radar 
techniques in measuring precipitation for application by the Army 
to radioactive rainout prediction, trafficability, and communica-
tions. Considerable effort is being directed toward determining 
the correlation between radar variables and actual rainfall quan-
tities by means of raindrop size distribution. 
ABSTRACT 
The progress and results of the research accomplished during 
the year ending September 30, 1961, is presented. An evaluation 
of the streak camera as a raindrop sizing device is presented. 
Results of separating the raindrop data according to upper air 
stability are reviewed. The operations of the cameras at Island 
Beach, New Jersey; Franklin, North Carolina; and Mt. Withington, 
New Mexico, are summarized. One of the New Mexico storms which 
produced hail is examined in detail. 
PUBLICATIONS, LECTURES, REPORTS, AND CONFERENCES 
Mr. E. A. Mueller installed and operated a raindrop camera 
at Mt. Withington, New Mexico, during July and August. The camera 
was dismantled and returned to Illinois on September 6, 1961. 
Six papers were prepared during this period for publication. 
Three of these have been submitted for concurrence in printing? 
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Research Report No. 8 entitled "Raindrop Size Distributions with 
Rainfall Types and Weather Conditions" by Miyuki Fujiwara; Re-
search Report No. 9B entitled "Raindrop Distributions from Miami, 
Florida"; and Technical Note No. 1 on "An IBM-650 Computer Program 
for Determining the Positive Area Stability Index, Precipitable 
Water, Freezing Level and Temperature and Height of the Conden-
sation Level." 
Three papers were prepared for publication in the Proceedings 
and for presentation at the Ninth Weather Radar Conference at 
Kansas City, Kansas. The titles of these were: "Attractive 
Forces Between Charged Drops and Their Effect on the Coalescence 
Process" by Miyuki Fujiwara and Eugene A. Mueller; "Uncertainty 
in Rainfall Measurements Due to Drop Size Distributions" by E. A. 
Mueller; and "Effects of Stability on Drop Size Distributions" by 
Robert M. Johnson. 
Other papers prepared on this contract are; "Climatic Vari-
ations in Raindrop Distribution", E. A. Mueller, Seventh Weather 
Radar Conference; "Recent Observations of Unusual Echoes," E. A. 
Mueller, Seventh Weather Radar Conference; "Drop Size Distribution 
in Florida," E. A. Mueller and D. M. A. Jones, Eighth Weather 
Radar Conference; "Z-R Relationships from Drop Size Data," D. M. A. 
Jones and E„ A. Mueller, Eighth Weather Radar Conference; "An 
Analytical Investigation of the Variability of Size Distributions 
of Raindrop in Convective Storms," M„ Fujiwara, Eighth Weather 
Radar Conference; and "Drop Size Distributions in Oregon," E. A. 
Mueller and G. E. Stout. 
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INTRODUCTION 
This final report will be restricted to work that has been 
accomplished on this contract since September 30, 1960. The 
Tenth Quarterly Technical Report, which was prepared at that time, 
described in detail the research during the first two arid one-half-
years of the contract,, The raindrop camera was discussed as well 
as data collection and procedures for reducing the data. The 
status of data collection and analyses for drop size distributions 
for Miami, Florida; Corvallis, Oregon; Majuro, Marshall Islands; 
Woody Island, Alaska; and Bogor, Indonesia, was presented. 
The original intent of this research was to determine how the 
effects of varying drop size distributions could be accounted for 
in the measurement of rainfall amounts by radar means. It now 
appears that an estimate of rainfall amounts from radar can be 
reduced to a reasonable level of accuracy provided that measure-
ments of radar reflectivity can be made sufficiently accurately. 
This is to say that the uncertainty in estimates of rainfall 
amounts due to variations in the drop size spectra can now be re-
duced to less than 15 percent. These results have been reported 
at the Ninth Weather Radar Conference and the papers are included 
as appendices to this report. 
Some effort has been expended in developing an automatic drop 
sizing technique referred to as a streak camera. This device, 
when proven satisfactory, would allow much larger samples of drop 
size data to be drawn and analyzed economically. 
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During this contract new installations of the raindrop camera 
have been made at Island Beach, New Jersey; Coweeta Hydrologic 
Laboratory, Franklin, North Carolina; and Mt. Withington, New 
Mexico. The installation at Island Beach has, in addition to the 
usual equipment, a GMQ-10C transmissometer to measure visibility 
which will be compared with the drop size distribution. The in-
stallation at Coweeta laboratories is located at Mooney Gap where 
there is an extremely high orographic rainfall. 
OPERATIONAL PROGRAM 
CPS-9 and TPS-10 
Difficulties have been experienced with the CPS-9 during the 
past year. The most serious is that of poor magnetron spectra, 
which is believed to be the fault of poor magnetrons. Slip rings 
on the CPS-9 failed during the summer and this necessitated re-
moval and disassembly of the antenna. New slip rings were made 
locally and the unit was reinstalled on the tower. Difficulties 
have also been experienced with the compressor and a new unit has 
been purchased and installed. The TPS-10 has operated satisfac-
torily after its overhaul and reinstallation. 
Streak Camera 
Previous work on this contract indicated that one of the 
major problems in the design of a streak camera would be to obtain 
adequate drop illumination. Earlier attempts had been based on 
side lighting and lighting from the camera direction. This light-
ing depended upon reflected light from the drop surface. 
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Due to the unsatisfactory results obtained with reflected 
light, and because water drops are known to transmit approximately 
85 percent of all incident light, the principle of using trans-
mitted light to illuminate the drops was conceived. This prin-
ciple requires that the drop be located between the camera lens 
and the light source, and that the only light which should reach 
the camera lens is that light which passes through the drop,, 
The light source of the resulting design consists of six 
400-watt mercury vapor lamps mounted in a semi-circular reflector 
with the sampling zone located near the reflector'S center. There 
are three transformers, each operating on a different phase and 
each operating a pair of lamps. The three pairs consist of bulbs 
1-2, 3-4, and 5-6 as shown in Figure 1. 
The streaks are recorded on 35-mm film by a Bausch & Lomb 
50-mm lens mounted on a strip camera that is on loan from the Air  
Force. Both the film advance and the shutter are operated by an 
electric drive motor linked through a variable speed reducer which 
will allow the film advance to be varied from 82 up to 230 frames 
per minute. 
During the design stages, it was shown theoretically, by means 
of constructing light ray diagrams, that the illuminated portion 
of the drop would appear to be in the shape of a quarter moon. 
Figure 2 is a sketch showing this moon-shaped band and the portion 
of the band that is illuminated by the various lights. 
To perform a meaningful evaluation of various types of films, 
it was necessary to artificially produce raindrops of a relatively 
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constant size and to be able to release them in such a way that 
they approached their terminal velocity at the time they were 
photographed. Velocity was of great importance because the amount 
of light exposure the film receives is directly proportional to  
the velocity of the drop as it passes through the field of vision 
of the camera lens. 
A device for producing drops having a diameter of approxi-
mately 2-mm was designed and constructed. The device consisted of 
a row of 27-gage hypodermic needles connected to a tank so that 
distilled water could be forced out of the needles under pressure. 
This device was mounted on top of an enclosed tower giving a total 
free-fall distance of 9 feet. It was calculated that a free-fall 
of 9 feet would allow a 2-mm drop time enough to reach 85 percent 
of its terminal velocity. The entire tower was then mounted over 
the sampling zone by means of guy wires. 
Figure 3a is a picture of the streaks produced by the drop 
tower. It should be noted that the contrast is quite adequate 
for automatic reading using flying scanner. 
Various films and processing techniques were evaluated. The 
best compromise for resolution with adequate contrast appears to 
be Tri-X Pan film developed as recommended by Eastman. 
Figure 3b is a sample of streak camera data obtained in 
moderate rainfall. This sample was selected for the extremes 
that it represents. This record was obtained under gusty condi-
tions, and it can be noted that during the time of exposure of 
just one frame, droplets can be seen traveling on different 
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trajectories. Under less gusty conditions the streaks tend to be 
more nearly parallel so that the stretching effect due to nonver-
tical fall could be corrected in the analysis. The greatest angle 
from the vertical is about 30° which would mean an error of about 
16 percent in measurement if no correction were applied. 
Evidences of drop oscillation are also notable in Figure 3b, 
particularly in frames 1 and 4 numbering from the top. The fre-
quency of the oscillation of the droplet in the top frame is 
greater than 100 cycles per second, while the droplet on frame 4 
represents a frequency of nearly 10 cps. 
Frame 5 is probably an example of a drop which impinged on 
the edges of the slit and broke into many quite small droplets. 
The area surrounding the intake slit is covered with fine copper 
mesh to reduce the effects of splashing as much as possible. 
The streak camera is now installed alongside the raindrop 
camera and comparisons between drop size spectra will be made 
by simultaneous measurements. 
RAINDROP CAMERA LOCATIONS 
Island Beach, New Jersey 
A raindrop camera was installed at Island Beach during the 
latter part of October 1960. After a few minor malfunctions, the 
camera operated satisfactorily. However, very little data were 
received during the first few months of operation due to the non-
availability of the operator. His primary duties were such that 
little time remained for the routine servicing of the cameras. 
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He suggested that another operator be found to replace him and 
in May, Mr. Warren Carlson of Point Pleasant, Hew Jersey, took 
over the routine service and maintenance of the camera. Since 
that time the camera has been operating satisfactorily and data 
have been arriving at regular intervals. Since the first part of 
June, 27 rolls of 70-mm film have been received. A total of 33 
rolls has been collected at Island Beach thus far. 
In the spring of 1961, a transmissometer was installed to 
obtain visibility measurements for the area. A malfunctioning of 
the receiving head resulted in its return to Chicago for repairs. 
This involved considerable delay and the operation of the trans-
missometer on a routine basis did not begin until the middle of 
July. Since then six rolls of visibility data have been received. 
After the Island Beach data have been measured, an attempt 
will be made to correlate the visibility during periods of rain 
with the drop size distributions. In addition, the theoretical 
visibility will be compared with the actual visibility measurements. 
Franklin, North Carolina 
In November 1960 a raindrop camera was installed at Coweeta 
Hydrologic Laboratory in Franklin, North Carolina. Since no elec-
tricity was available in this mountainous area, it was necessary 
to employ a gasoline driven generator as a source of power. Con-
siderable trouble was experienced with this generator, especially 
during the winter months, resulting in the intermittent collection 
of data. In June a factory representative visited the site to 
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repair and adjust the generator. Since that time, it appears to 
be operating satisfactorily. 
During periods of high humidity, considerable fogging of the 
30-inch mirror occurred. Although the unit was equipped with a 
dehumidifier, it was not activated until the motor generator was 
started by the tipping bucket rain switch. Therefore, the first 
part of some of the rolls of film were unuseable. In order to 
expedite the clearing of the mirror a blower was installed and 
directed at the mirror. 
In May an anemograph was installed to record the wind field 
in the immediate vicinity of the drop camera. The effects of wind 
speed and direction on the sorting of drop size distributions will 
be attempted after the data have been measured and analyzed. 
Since installation, 73 rolls of film have been received from 
North Carolina. The majority of these were exposed during the 
spring and summer months. Since many samples during the winter 
months were missed, a six-month extension on the present contract 
was suggested. This would extend the operating period through 
March 1962. 
The New Jersey and North Carolina sites are shown in Figure 4. 
Mt. Withington, New Mexico 
A raindrop camera was installed, see Figure 4c, on the summit 
of Mt. Withington, New Mexico, during July and August of 196l. The 
primary purpose of the installation was to gain information on the 
drop size distribution as a function of the life history of a storm. 
Horizontal motion of the storm elements is practically nonexistent. 
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Personnel from Arthur D. Little, New Mexico Institute of Mining 
and Technology, and other organizations were also present on Mt. 
Withington. and operated equipment to measure the development and 
growth of mountain top cumulus clouds. The summer was disappoint-
ing in the number of rain situations which occurred. There were, 
however, several days in which interesting data were obtained. 
Figure 5 is an example of the drop size distribution obtained 
in a consecutive 12-minute period. This storm was an intense thun-
derstorm with lightning actually striking the Cornell Aeronautical 
Laboratory's radar trailer that was about 50 yards north of the 
drop camera. This 12-minute section of storm is chosen as an ex-
ample because as far as is known it represents on the drop size-
data sequence that brackets falling hail. Hail was observed from 
the Arthur D. Littie observatory trailer, which was 150 yards 
north of the camera, between 1301 and 1308. The 12 minutes of 
storm produced 4.5 mm of rain calculated from the drop size data 
and 5.0 mm according to the raingage. The storm occurred with low 
winds. The highest rainfall rate recorded during the 12 minutes 
was 55 mm/hr at 1309, after most of the hail had occurred. 
The striking feature of the series of drop size spectra is 
that the appearance of the second mode is not spontaneous but seems 
to move out from the rain mode. All of the hail that was noted on 
the ground was of the classical cone shape with rounded cap. Some 
rough sizing was performed by individual measurement of the hail 
by a ruler. The largest measured 1 cm. The photograph from the 
drop camera showed the largest stone to be 7 mm. 
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The question of the orientation of these cones is not clearly 
answered by the drop camera. The appearance of the hailstones as 
a shadowgraph seldom shows the cone shape. This can be interpreted 
as the apex of the cone pointing into or away from the camera. An 
attempt to define the angle of departure of the apex from the ver-
tical failed in most cases because of this difficulty. Of the re-
maining stones for which an apex could be determined, the apex 
showed no preference of direction. Of course, the sample in the 
drop camera had already experienced some local turbulence which 
could have destroyed any original order that the stones may have 
had. 
In general, hail may be separated from rain drops on the drop 
camera film by the absence or existence of a transmitted light 
high light located within the drop image. However, for some very 
clear hail, it has been recently noted that a high light does appear. 
This complicated the decision as to hail stone or rain drop some-
what; nonetheless, it appears that for this series all of the drops 
larger than 3.5 mm are hail and that a large percentage of those 
larger than 3.0 mm are hail. 
At 1300 and 1301 a very common rain type distribution is shown. 
The first hail definitely noted on the drop camera occurred in the 
1304 sample. The samples at 1302 and 1304 are somewhat unusual 
and represent lower rainfall rates. The observer logged start of 
hail at 1301, so that 1302 and 1303 samples were taken at onset 
of the hail but with a low density of stones. The 1304 sample 
shows a strong second mode centered at 2.7 mm. A large part of 
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this second mode Is undoubtedly ice, although the particles may 
be partly ice and partly water. Hail is still apparent on the 
drop camera through 1309, but at 1310, the sample returns to a 
normal rain type distribution. 
Because of the limited amount of data obtained during 1961, 
it is suggested that further work in this area be pursued. 
DATA ANALYSIS 
The method of reducing the raindrop data was reported fully 
in the Tenth Quarterly Technical Report. Since that time a number 
of modifications have been made. The computer program has been 
rewritten to produce the median volume diameter, median scattering 
diameter, and the median rainfall rate diameter. The last two 
variables are defined in a manner similar to the median volume 
diameter except that the reflectivity and the rainfall rate are 
used in place of the liquid water content. The positive area 
stability index has been added to the summary cards as well as 
the volume diameters. 
During the contract period, a total of 48l rolls of 70-mm 
film was received from the various drop camera locations. Some 
55 rolls were unmeasurable because of bad focus, camera misalign-
ment, very low rainfall rates, false triggering of rain switch, 
etc. Of the 426 rolls of good data 310 have been measured and 
114 remain to be measured. Table 1 presents the status of the 
data film to date. 
It can be seen from the table that the measurements of Miami, 
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Oregon, Majuro, and Alaska films have been completed. It may be 
noted also that the measurements of Indonesia and New Mexico data 
are nearly completed. After these two locations are completed, 
emphasis will be placed on the measurement of data from North 
Carolina and New Jersey. 
TABLE 1 
STATUS OP RAINDROP DATA MEASUREMENTS 
To Be On 
Location Received Measured Measured Projector 
Illinois 7 0 0 0 
Miami 65 6l 0 0 
Oregon 98 68 0 0 
Majuro 57 54 0 0 
Alaska 72 72 0 0 
Indonesia 59 41 1 2 
New Jersey 35 0 33 0 
North Carolina 73 1 70 0 
New Mexico 15 13 2 0 
STABILITY AND DROP SIZE DISTRIBUTIONS 
The grouping of drop size distributions into rain types and 
synoptic types succeeded in reducing the variance from that found 
with the ungrouped data. However, it was felt that a further re-
duction might be attained if a different classification were em-
ployed. Since strong vertical motions would tend to suspend water 
droplets longer and thus increase the probability of collision and 
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coalescence, a stability classification was investigated. Prelim-
inary analysis for thirty storms at Miami, Florida, indicated a 
possible relationship between the positive area generated by the 
parcel method and drop size distributions. For a given rainfall 
rate, the number of large drops generally increased as the posi-
tive area increased. 
In order to investigate a large number of samples, an IBM 
650 computer program was written to determine the positive area 
from punched cards. Relative Positive Area Stability Indices 
(PASI) were computed for each radiosonde observation during the 
period of raindrop camera operation at Miami. The R-Z values 
from the drop size distributions were then grouped into varying 
degrees of stability as determined from the soundings, and an R-Z 
regression analysis was performed for each group. 
Results of the analysis showed that the Z values, for a given 
rainfall rate, reached a maximum during conditions of moderate 
instability. The lowest reflectivity values were found under very 
stable conditions. The average standard error of estimate for the 
stability classifications was 8 percent as compared to 11 percent 
for synoptic types and rain types. 
It is planned to use the stability classification for data 
obtained from other locations. These results will be compared 
with the regression lines obtained for the Miami classes to de-
termine if Z-R relationships, when classified by stability, vary 
significantly between different climatic zones. 
-15-
CONCLUSIONS AND RECOMMENDATIONS 
The analyses of drop size distributions show promise in re-
ducing the variations in radar measurements of rainfall due to 
drop size variations. Various schemes of choosing a radar reflec-
tivity versus rainfall rate regression line have been examined, 
the most successful scheme being one based on the upper air sta-
bility as determined from a radiosonde. Other methods, such as 
those based on synoptic type or rain type, do reduce the variations 
experienced but not to the degree shown by the stability index 
method. Work should continue in evaluating this scheme for the 
other climatic areas where drop size distributions have been 
collected. 
The data collected at Mt. Withington during the summer of 
1961, though insufficient in quantity, suggest that the life his-
tories of drop size spectra can be studied in this location. 
Knowledge of the history of the spectra can be used to eliminate 
or strengthen the various processes proposed for the transformation 
of cloud droplets to raindrops. In this respect the value of a 
radar set in measuring rainfall at the ground due to variations 
of drop size spectras aloft must be analyzed before the full 
utility of a radar set in quantitative work can be assesed. It 
is recommended that further work in the theoretical evaluation of 
droplet coalescence be pursued and that data be obtained on droplet 
size spectra aloft. An instrument called the disdrometer developed 
by Cornell Aeronautical Laboratories is available for obtaining 
cloud droplet size spectra from an airplane. 
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Efforts to deduce the physical causes of the climatic dif-
ferences noted in drop size spectra should be continued. The 
streak camera should be further evaluated and, if proven success-
ful, an automatic reader for the film should be built. Future 
data should then be collected using this type device. 
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FIG. 5 SAMPLE DROP SIZE DISTRIBUTIONS WITH 
HAIL FROM MT WITHINGTON, NEW MEXICO 
ATTRACTIVE PORCSS BETWEEN TWo CHARGED DROPS AND 
THEIR EFFECT ON THE COALESCENCE PROCESS* 
M. Fujiwara and E. A. Mueller 
Illinois State Water Survey 
ABSTRACT 
As a basis for calculation of the collision coefficient, the 
electrostatic forces between charged drops were numerically com-
puted by means of the electronic digital computer at the University 
of Illinois. The results show that strong attractive forces appear 
when the drops come close together even if the charges on both 
drops have the same signs. Tnis tendency is very remarkable when 
the smaller drop has a larger charge than the large drop and when 
the ratio of the radius of the large drop to the radius of the 
small drop is large. The quantitative results are shown by 
figures. 
I. INTRODUCTION 
Recently, the importance of electrostatic forces for the 
coalescence of drops has been emphasized by Sartorl and 
Vonnegut2. Also, R. Semonin and N. Lindblad of the Illinois State 
Water Survey have studied the behavior of small drops in experi-
ments in which certain electrostatic forces were applied to the 
small drops. The autnors of this paper have attempted an evalu-
ation of the modification of raindrop size distributions caused 
by the coalescence process. Since the effect of electrostatic 
forces on the coalescence of drops seems to be very important, 
tne electrostatic forces between two charged drops were calcu-
lated for the data as a basis for further research (presently 
underway) on the calculation of the collision coefficient. 
The method used here is the well-known image method. Although 
electrostatic forces between two spheres have long been investi-
gated (see Jeans, Mathematical Theory of Electricity and Magnetism3. 
calculations for the case of fixed charges throughout the various 
conditions have not yet been made. The tedious work of calculation 
was lightened by using a high speed digital computer. 
2. EQUATIONS FOR CALCULATION OF THE ATTRACTIVE FORCES 
The equations for the calculation were reduced to the follow-
ing expressions based on the theory of image charges. The 
resultant force, F, between charged spheres, A and B, is given by 
*This research is being supported by the U. S. Army Signal 
Research and Development Laboratory, Fort Monmouth, New Jersey, 
under Contract DA-36-039 SC-75055. 
the sum of the coulomb forces between all the point charges 
which are given initially and by their images found in A and B: 
(1) 
where qm = mth image on sphere A, qn = nth image,on sphere B (a primed value always refers to sphere B), and XN, xN are the distances of the Nth image charges on 4 and B from the center of 
the interval separating the two spheres. The magnitudes qn, qn and the distances xn, xn of the nth images are given by successive substitutions, as given in Equations 2 through 5: 
(2) 
(3) 
(4) 
where as, bs are the geometrical coefficients and defined as 
(5) 
and Q, Q' are resultant charges at the centers of the spheres, A 
and B, respectively. 
Since the total charges on both spheres do not change, the 
following equations must be satisfied: 
(6) 
where 
(7) 
and qo qo are the initially given charges on spheres A and B, respectively. 
To obtain a good convergence for this series, 107 images 
were placed on each sphere. In addition, the program was written 
to avoid the accumulation of any rounding errors. 
3. RESULTANT FORCE BETWEEN SPHERES 
The various conditions for which calculations were obtained 
are listed below: 
1. The radius b of the larger sphere B is constant. 
2. The ratio of the radii of smaller sphere A and larger 
sphere B, 
3. The separation between the surfaces of the spheres 
4. The ratio of the charges ,qo/qo ( = xk ), on tlie two  spheres 
Figure 1 shows two examples calculated in terms of the non-
dimensional quantity F = F.(b2/qo2), where F is the force in dynes, and where b is the radius of the larger sphere B in cm, and qo is the electric charge on the smaller sphere A in e. s. u. 
Figure 2 shows examples of the contours of J defined by the 
following equations on the coordinates of parameters i and j for 
each k. 
These results indicate that attractive forces usually exist 
even if the charges on the two spheres have the same signs. As 
the interval d. decreases, the value F' increases asympatically. 
The region of the attractive force by charges of same signs is 
larger with smaller a and also with the larger charge on A (cf. 
Figs, la and lb). 
4. CONCLUDING REMARKS 
Because there are strong attractive forces between charged 
drops when they come close enough to each other, regardless of the 
signs of charges, coalescence will occur more readily between 
cnarged drops than it will between non-charged drops. Thus, not 
only will the effective cross-section of sweep by the larger drop  
increase, but also the larger drop will more effectively "capture" 
the small droplets when they collide. 
Because cloud physicists have suspected that some effects of 
surface tension might cause bounce off when drops collide, they 
have hesitated to apply the collision coefficient as a coalescence 
coefficient. The results of the calculations in this paper 
suggest that the tendency of the skin effect to cause drops to 
bounce after contact will be easily overcome by the strong attractive 
forces, since most of the droplets found in the natural cloud have 
a certain amount of charge. 
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FIG. I ATTRACTIVE FORCES BETWEEN TWO 
CHARGED SPHERES IN TERMS OF INTERVAL 
OF SEPARATION BETWEEN THE SPHERES. 
FIG 2 J BETWEEN TWO CHARGED SPHERES 
IN TERMS OF PARAMETERS i . j .k . 
UNCERTAINTY IN RAINFALL MEASUREMENTS DUE 
TO DROP SIZE DISTRIBUTIONS* 
E. A. Mueller 
Electrical Engineer 
Illinois State Water Survey 
ABSTRACT 
Raindrop size distributions obtained by the raindrop camera 
located at the University of Miami were analyzed to determine the 
amount of error In rainfall estimate caused by variations in drop 
size distributions. 
The individual storms were divided into groups according to 
synoptic types. The relationships between rainfall rate and radar 
back scattering cross section were then determined for each group 
according to two fitting criteria. The usual log R- log Z least 
square fit was obtained, and the sum of the products of the abso-
lute deviations and the rainfall rate was minimized. The latter 
method appears superior in minimizing the quantity error in the 
total rainfall amount, 
1. INTRODUCTION 
The question as to how accurately rainfall amounts may be 
measured by a radar set has been frequently asked the radar mete-
orologist in the past. One of the limiting factors in determining 
rainfall by radar is the variability of the drop size distributions 
for a particular rainfall rate. Using the data that was gathered 
with the raindrop camera located at the University of Miami, an 
answer to the question of the accuracy of the rainfall estimate, 
as influenced by the drop size variability, has been obtained. 
The following basic assumptions are made: firstly, the drop 
size distributions obtained from the 1-cubic meter sample is con-
sidered representative of the drop size distribution of the entire 
radar volume; secondly, the terminal velocities as measured by 
Gunn and Kinzer are effective throughout the radar volume; thirdly, 
the radar measurements of the radar reflectivity contain no error. 
Of these assumptions the first is probably the most serious as 
there is considerable doubt that a 1-cubic meter volume is suffi-
ciently large, when a radar volume at 30 miles might be as large 
as 108 cubic meters. If it is assumed that the variability of the 
distribution is due just to sampling error, application of Student's 
"T" distribution to the average of the number of drops in each of 
*This research is supported by U. S. Army Signal Research and 
Development Laboratory, Port Monmouth, New Jersey, under contract 
DA-36-039 SC-750S5. 
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the size intervals reveals that in order to have 90% confidence 
that the number of drops of the particular size class is within 
10% of the parent population mean, a sample of at least 10 cubic 
meters is required. Of course, this test implies that the samples 
are all drawn from the same parent population and that the drawn 
samples are normally distributed. Both of these assumptions are 
poor since it is obvious to an observer that the same rainfall 
rates can occur with widely different drop size spectras. However, 
for the purpose of this paper, the 1-cubic meter sample will be 
considered representative of the entire radar volume. 
The assumption of terminal velocities may also be open to 
some objection because of downdrafts near the surface and updrafts 
at the upper parts of the radar volume. 
The assumption that there is no error in the radar measure-
ment is a serious one in practice as it is extremely difficult to 
maintain absolute radar calibration to less than 2 decibels. An 
error of 2db in the radar amount corresponds to a 30% error in 
the rainfall amount. 
2. METHOD OP ANALYSIS 
The data was segregated according to the synoptic conditions 
that existed during data collection. The synoptic sorting was 
performed with the aid of surface maps analyzed by the Weather 
Bureau. A total of 43 types of synoptic conditions were listed 
that could produce rainfall. Not all of these types are experi-
enced at any one geographical location. At Miami, there were a 
total of 10 different synoptic types for which raindrop data were 
obtained. Table 1 lists the synoptic types and the number of 
minutes of sample of each type. 
TABLE 1 
SYNOPTIC TYPES AND MINUTES OP SAMPLE 
Sample Size Sample Size 
Type (min.) Type (min.) 
Air Mass         453        Warm Frontal  339 
Pre-Cold Frontal 709 Cold Type Occlusion 7 
Cold Frontal 182 Pre-Cold Occlusion  40 
Post Cold Frontal 11 Easterly Wave 526 
Overrunning 95 Trough Aloft 81 
Of these types only the six with more than 100 minutes of 
data are included in this report. 
Rainfall rate, R, frequencies and radar reflectivity, Z, fre-
quencies were then determined for each group of data. A model 
storm was assumed of 100 minutes duration that was characterized 
by these frequency distributions. The total amount of rainfall 
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was then estimated from the rainfall rate frequency and used to 
compare with the rainfall amount as determined from the radar re-
flectivity frequency curve and one of two relationships between 
rainfall rate and radar reflectivity. 
The usual logarithmic least squares relationship between radar 
reflectivity and rainfall rate was determined. Since this pro-
cedure tends to place equal weight on all points and since it was 
felt that the higher rate contributed more to the total rainfall 
amount, a second procedure which weighted the larger amounts was 
sought. The procedure adopted consisted of determining a relation-
ship in the form of 
(1) 
such tha t the function 
(2) 
Where Ri is the true rate for sample i and Ri* is the rate which 
would be determined by Equation 1 and the true Zi for sample i. 
This procedure weights the large values of R more than the small 
values of R. The functional form of Equation 1 was adopted for 
convenience and for easy comparison with the standard relationship. 
The calculation of the coefficients of Equation 1 were performed 
by means of digital computer, ILLIAC, at the University of Illinois. 
One group of data was calculated by hand using a more sophisticated 
three-parameter form for Equation 1 of the form 
It did not produce sufficiently less error in the final estimates 
to warrant the added complexity of its calculation. 
3. RESULTS 
Table 2 indicates the final equation determined by both 
methods. It can be noted that in general, the weighting of the 
higher rainfall rate produces larger exponents and lower coeffi-
cients than the least square procedure. This weighting may be 
considered to be analogous to weighting the samples with the 
large drops more than the samples with small drops, as the large 
drops tend to increase the exponent also. Further analysis in 
this direction leads one to suspect that certainly a three-
parameter fitting form would be more appropriate, but as mentioned 
above, the scatter in the data does not justify this refinement. 
Table 3 reveals the average errors of the total rainfall 
amount from the storm of 100-minutes duration. It can be noted 
that the average total error under the assumption previously made 
does not exceed 7% for the second procedure of rate estimation. 
It is felt that this is extremely close considering the calibration 
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TABLE 2 
REGRESSIONS AND NUMBER OP CUBIC METERS OP SAMPLE 
Synoptic Type 
Post 
Air Pre-Cold Cold Cold Warm E a s t e r l y 
Mass F r o n t a l Front Occlusion Front Wave 
Squares 323Rl .42 2 8 1 R 1 . 4 9 296R 1 . 3 5 3 0 2 R 1 . 3 6 403R l . 2 4 296R1.35 
1 8 1 R 1 . 6 0 205R l .42 2 l4R l . 4 4 230R1.44 205R1.42 
u n c e r t a i n t y in r ada r measurement. The log l e a s t squares appear 
n e a r l y as good as the weighted r e l a t i o n s h i p and in f a c t might be 
argued to be b e t t e r s i nce i t underes t ima tes and ove res t ima teS where 
the r a t e d curve t ends to ove re s t ima te on t h e average . 
TABLE 3 
AVERAGE % ERROR IN RAINFALL AMOUNTS DUE 
TO DROP SIZE VARIATION ALONE (+ indicates over estimate) 
Synoptic Type 
Post 
Computed Air Pre-Cold Cold Cold Warm Easterly 
From Mass Frontal Front Occlusion Front Wave 
Log least 
Squares -12.1 +3.7 +2.5 -8.0 -4.6 -2.5 
+ 6.3 +6.6 +5.5 -2.4 +1.0 +5.5 
Total Rainfall 
Amount in 
Model Storm 2.64. 1.20 1.66 l.40 1.49 1.79 
(inches) 
4. CONCLUSIONS 
In general, it appears that drop size variations that were 
found at Miami, Florida, can be minimized sufficiently to allow 
reasonable estimates of rainfall amounts provided that suffici-
ently accurate measurements of the radar can be made, and providing 
that synoptic information to separate classes is available. The 
equation for each synoptic type varies also with climatic regions. 
Examination of the variations in the exponents and coefficients 
presented in Table 1 indicates that separation of the data into 
synoptic types is necessary to obtain this amount of accuracy. 
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THE EFFECTS OF STABILITY ON DROP SIZE DISTRIBUTIONS* 
R. M. Johnson 
Meteorologist 
Illinois State Water Survey 
ABSTRACT 
An attempt to reduce the variance occurring in rainfall rate-
radar reflectivity relationships was investigated using stability 
as a criterion. A preliminary investigation employing drop size 
data and upper air soundings during thirty storms at Miami, Florida, 
indicated that the positive area generated using the parcel method 
may be significant in classifying drop size distributions. An IBM 
650 computer program was written to obtain the positive area sta-
bility index for a large number of soundings. Punched cards of ra-
diosonde observations for Miami, covering the period August 20, 1957, 
to August 15, 1958, were processed through the IBM 650. Soundings 
were grouped into varying degrees of stability and compared with 
drop size distributions. Rainfall rate-radar reflectivity relation-
ships were computed and the results are discussed. Highest values 
were found among conditions of moderate stability while lowest val-
ues occurred under stable conditions. A three per cent reduction 
in the standard error of estimate over rain type and synoptic type 
classifications was obtained. 
I. INTRODUCTION 
Jones described the method for determining drop size distri-
butions.1 Mueller and Jones2 described 2403 cubic meter drop size 
samples obtained by this method at Miami, Florida. A sample consis-
ted of one cubic meter collected at one-minute intervals. Z-R rela-
tionships computed from these data were grouped into rainfall types 
and discussed by Jones and Mueller.3 Further classification by 
synoptic types has been completed by Mueller and Jones, but the 
results have not been published. 
I I . DISCUSSION 
Although grouping the samples into rain types and synoptic 
types succeeded in reducing the variance, it was felt that a further 
reduction might be obtained if a different classification were ap-
plied. Upper air parameters and their possible influence on drop 
size distributions were examined. Since strong vertical motions 
tend to suspend water droplets longer, and thus increase the prob-
ability of collision and coalescence among the drops, a stability 
classification seemed an appropriate measure. A preliminary study 
was undertaken in which different stability indices and their rela-
tionships, if any, to drop size distributions were investigated. 
*This research is supported by the U. S. Army Signal Research 
and Development Laboratory, Fort Monmouth, New Jersey, under con-
tract DA-36-039 SC-75055. 
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Thirty storms with available drop size data from Miami, Flor-
ida, during 1957-1958 were examined. Radiosondes taken at Miami on 
the storm days were plotted and analyzed. Two methods of expressing 
stability were employed — the Showalter Stability Index and a Posi-
tive Area Stability Index (PASI). The latter method involved deter-
mination of the positive area generated on a thermodynamic diagram. 
In this investigation positive area commenced at the level of free 
convection and terminated at the point at which the parcel recrossed 
the environmental sounding, or at the 100 mb level, whichever oc-
curred first. Since this index would be somewhat restrictive for a 
parcel of air rising from the surface alone, it was decided to apply 
this procedure throughout the lower moisture area. The surface 
through 600 mb levels, using 50 mb intervals, were chosen as start-
ing levels for each sounding. Any positive areas generated from 
parcels lifted from these levels were then totaled. 
The indices obtained were compared with drop size distribu-
tions obtained from the raindrop camera. Although the Showalter 
Stability Index showed no significant relationship, the PASI indi-
cated that a fairly good relationship may exist. For a given rain-
fall rate, as the PASI increased, the number of large drops generally 
increased also. This is illustrated in Figure 1, which represents 
distributions from a rainfall rate of 70 mm/hr. Positive Area Sta-
bility Indices are relative values. All three distributions had 
been placed in the thunderstorm category using the rain type clas-
sification. In this instance, the drop size distributions show an 
 increase in the number of large drops for the higher PASI values. 
A program for the IBM 650 digital computer was written to de-
termine the PASI from radiosonde punched cards. 
Briefly the basic equations used in the computer program were 
as follows. The temperature at the condensation level was found by 
solving the saturation mixing ratio equation 
(1) 
and Poisson's equation: 
(2) 
where Ts PS is the starting level temperature and pressure 
Th, Ph is the condensation level temperature and pressure 
R is the dry air gas constant 
Cp is the specific heat of dry air 
The final form of the equation solved by the computer after 
substitution of Tetens formula for vapor pressure was 
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Once the point, Th, Ph, has been determined, the entropy con­stant for the moist adiabat passing through this point may be cal­
culated from the approximation used by Rossby 
(4) 
where L = latent heat of vaporization 
The temperature values at 50 mb intervals along this moist 
adiabat are calculated by means of interpolation from standard val­
ues stored in the computer. 
The energy expended or liberated by a parcel of air rising 
adiabatically through an environment may be given by the equation: 
(5) 
where T& = temperature of rising air at pressure, P 
T = temperature of the environment at pressure, P 
Integrating, setting Δp = 50 and clearing the equation, the relative PASI used in this analysis may be expressed as 
(6) 
Positive Area Stability Indices were computed for each radio­
sonde observation during the period of raindrop camera operation. 
The one-minute samples obtained from the drop camera were grouped 
into varying degrees of stability. Samples obtained in the time 
interval commencing at the time of the sounding to twelve hours 
thereafter were assigned the PASI computed for that sounding. 
III. RESULTS 
The results for the PASI classifications for 80 storm days, 
along with values obtained for rain type and synoptic type classi­
fications by Jones and Mueller, are shown in Table I. The Z-R re­
gression lines for selected stability classes are shown in Figure 2. 
Classes 2, 3, 6, 7, and 9 are not shown due to space limitations, 
since the regression lines for these classes all fell between lines 
5 and 8 in the figure. 
With the exception of class 5, the coefficients generally in­
crease to a maximum value of 420 found with class 4 and then gradu­
ally diminish thereafter. The exponents also gradually increase to 
a value of l.41 at class 4. and then remain relatively constant. It 
appears, therefore, that at Miami the highest Z values for a given 
rainfall rate will be found for conditions of moderate instability 
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Fig. 1 DROP SIZE DISTRIBUTIONS WITH DIFFERENT 
POSITIVE AREA STABILITY INDICES 
Rainfall Rate In All Curves Is 70 mm/hr. 
Fig. 2 Z-R RELATIONSHIPS FOR FIVE STABILITY GROUPS AT MIAMI 
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TABLE I 
COMPARISON OP CORRELATION (r), % STANDARD ERROR OP 
ESTIMATE (Se), A AND b (Z=ARb) FOR RAIN TYPE, 
SYNOPTIC TYPE AND STABILITY CLASSIFICATIONS 
Number 
of 
Cla33 Samples r Se(%) A b 
Rain Type Classification (Jones and Mueller) 
R - .94 11.60 322 1.34 
RW - .95 9.95 258 1.45 
TRW - .94 10.10 338 1.35 
Average .94 10.55 
Synoptic Classification (Jones and Mueller) 
Air Mass - .90 14.39 323 1.42 
Pre-Cold Front - .95 11.06 280 1.49 
Cold Front - .95 8.94 198 1.54 
Overrunning - .94 11.35 302 1.36 
Warm Front - .96 13.55 403 1.24 
Easterly Wave - .97 8.34 296 1.35 
Trough Aloft - .97 8.15 261 1.43 
Pre-Cold Occlusion - .91 12.38 330 1.66 
Average .94 11.02 
Stability Classification 
1 (PASI<O) 167 .96 9.65 257 1.27 
2 ( " = 0) 238 .95 8.71 352 1.38 
3 ( " =1-25) 559 .95 8.97 358 1.31 
4 ( " =26-50) 161 .97 9.75 420 1.41 
5 ( " =51-100) 117 .97 5.68 206 1.42 
6 ( " = 101-150) 133 .98 7.21 313 1.39 
7 ( " = 151-200) 416 .96 10.53 304 1.4l 
8 ( " = 201-300) 367 .97 9.07 307 1.4l 
9 ( " = 301-400) 286 .97 8.10 295 1.36 
10 ( " 400) 136 .97 6.75 264 1.40 
Average .97 8.44 
and the lowest reflectivity values, for stable conditions. The low 
value for the coefficient in class 5 is probably due to the relative-
ly small sample size (117) along with the absence of low Z-R values 
for this class. 
As can be seen from Table I, the standard errors of estimate 
of R from values of Z were reduced from those in the rain type and 
synoptic type classifications by about 3 per cent. Since only a 
small improvement in the reduction of scatter was attained, it ap-
pears that the rain type classification because of its simplicity 
290 
might be better suited unless computer facilities were readily avail-
able. A further reduction in the standard errors might be possible 
if instantaneous values of instability for each sample were avail-
able. The assumption that the instability will not change consider-
ably in the twelve hour period following the radiosonde observation 
is not a good one for rapidly changing synoptic conditions. 
One factor which may prove the stability classification a 
better means of estimating rainfall rate is the possibility that 
Z-R relationships, when classified by stability, may not change sig-
nificantly for different climatic zones. Future studies will in-
volve classifying samples obtained from other areas and comparing 
the computed Z-R relationships with the ones obtained from Miami. 
IV. CONCLUSIONS 
At Miami, for a constant rainfall rate, the highest Z values 
occurred with moderate instability. Lowest Z values were associ-
ated with the most stable conditions. Classification of the Z-R 
relationships observed at Miami according to varying degrees of 
stability succeeded in reducing the standard error of estimate by 
a small amount. The standard error could possibly be reduced even 
further if the twelve-hour time differential between radiosonde ob-
servations could be shortened. The stability classification may 
prove to be of greater value if the Z-R relationships obtained in 
other climatic areas compare favorably when classified according 
to degrees of stability. 
V. ACKNOWLEDGMENTS 
The author wishes to thank Mr. E. A. Mueller for his great 
assistance in writing the IBM 650 computer program for the deter-
mination of the Positive Area Stability Index. 
REFERENCES 
1. Jones, D. M. A., 1952, "A Raindrop Camera and Some Preliminary 
Results," Proceedings of the Third Radar Weather Conference, 
McGill University, Montreal, Canada. 
2. Mueller, E. A. and Jones, D. M. A., 1960, "Drop Size Distribu-
tions in Florida," Proceedings of the Eighth Weather Radar Con-
ference, San Francisco, California. 
3. Jones, D. M. A. and Mueller, E. A., 1960, "Z-R Relationships 
from Drop Size Data," Proceedings of the Eighth Weather Radar 
Conference, San Francisco, California. 
291 
U. S. ARMY SIGNAL RESEARCH AND DEVELOPMENT LABORATORY 
METEOROLOGICAL TECHNIQUES BRANCH. 
BELMAR, NEW. JERSEY 
STUDY OP MEASUREMENT OP INTENSITY OP 
SURFACE PRECIPITATION BY RADAR RETURNS 
The Board of Trustees of the 
University of Illinois No. of Copies 75 
DISTRIBUTION LIST 
Address No. of Copies 
ARDC Liaison Office, U.S. Army Signal Research & 1 
Development Laboratory, Port Monmouth, New Jersey, 
ATTN: SIGRA/SL-LNA 
U.S. Navy Electronics Liaison Office, U.S. Army 1 
Signal Research & Development Laboratory, Port 
Monmouth, New Jersey, ATTN; SIGRA/SL-LNS 
USCONARC Liaison Office, U.S. Army Signal Research 1 
& Development Laboratory, Port Monmouth, New Jersey, 
ATTN: SIGRA/SL-LNP 
Commanding Officer, U.S. Army Signal Research & 1 
Development Laboratory, Port Monmouth, New Jersey, 
ATTN: SIGRA/SL-DR 
Commanding Officer, U.S. Army Signal Research & 1 
Development Laboratory, Port Monmouth, New Jersey, 
ATTN: SIGRA/SL-ADT 
Commanding Officer, U.S.Army Signal Research & 1 
Development Laboratory, Port Monmouth, New Jersey, 
ATTN: SIGRA/SL-ADJ (Responsible Pile & Record Unit) 
Commanding Officer, U.S. Army Signal Research & 8 
Development Laboratory, Port Monmouth, New Jersey, 
ATTN: SIGRA/SL-TNR 
Commanding Officer, U.S. Army Signal Research & 12 
Development Laboratory, Port Monmouth, New Jersey, 
ATTN: SIGRA/SL-SMA 
OASD (R&E), Rm 3E1065, The Pentagon, Washington 25, 1 
D.C., ATTN: Technical Library 
Address Mo. of Copies 
Chief of Research and Development, OCS, Department 1 
of the Army, Washington 25, D.C. 
Chief Signal Officer, Department of the Army, 1 
Washington 25, D.C., ATTN; SIGRD 
Director, U.S. Naval Research Laboratory, 1 
Washington 25, D.C, ATTN: Code 2027 
Commander,Air Force Command & Control Development 1 
Division, Air Research & Development Command, USAF, 
ATTN; CROTL Laurence Hanscom Field, Bedford, 
Massachusetts 
Commanding General, U.S. Army Electronic Proving 1 
Ground, ATTN: Technical Library, Fort Huachuca, 
Arizona 
Commander, Armed Services Technical Information 10 
Agency, Arlington Hall Station, Arlington 12, 
Virginia, ATTN: TIPDR 
Chairman, U. S. Army Chemical Corps Meteorological 1 
Committee, Ft. Detrick, Frederick, Maryland 
Chief, Meteorology Division, U.S. Army Chemical 1 
Corps Proving Ground, Dugway Proving Ground, Utah 
Chemical Research & Development Laboratories, Technical 1 
Library, Army Chemical Center, Edgewood, Maryland 
Director, Atmospheric Sciences Programs, National 1 
Science Foundation, Washington 25, D.C. 
Director, Bureau of Research & Development, Federal 1 
Aviation Agency, Washington 25, D.C. 
Chief, Fallout Studies Branch, Division of Biology 1 
and Medicine, Atomic Energy Commission, Washington 25,  
D.C. 
Office of Naval Research, U.S. Navy Department, 1 
Washington 25, D.C. 
U.S. Naval Research Laboratory (Code 7110), 1 
Washington 25, D.C. 
Director, U.S. Naval Weather Service, U.S. Naval 1 
Station, Washington 25, D.C. 
U.S. Army Corps of Engineers, Snow, Ice and Permafrost 1 
Research Establishment, 1215 Washington Avenue, 
Wilmette, Illinois 
Address No. of Copies 
U.S. Army Corps of Engineers, Waterways Experiment 1 
Station, P.O. Box 631, Vicksburg, Mississippi 
Office of the Chief of Ordnance, Department of the 1 
Army, Washington 25, D.C. 
Chief, Research Laboratory, R&D Operations, Army 1 
Ballistic Missile Agency, Redstone Arsenal, Alabama, 
ATTN: Mr. Reisig 
Commanding Officer, U.S. Army Signal Missile Support 1 
Agency, White Sands Missile Range, New Mexico, ATTN: 
Missile Geophysics Division 
The University of Texas, Electrical Engineering 1 
Research Laboratory, Austin, Texas, ATTN: Mr. Gerhardt 
American Meteorological Society, Abstracts & 1 
Bibliography, P.O. 1736, Washington 13, D.C., 
ATTN: Mr. M. Rigby 
Office of Technical Services, Department of 1 
Commerce, Washington 25, D.C. 
Library, National Bureau of Standards, 1 
Washington 25, D.C. 
Department of Meteorology, University of Wisconsin, 1 
Madison, Wisconsin 
Department of Meteorology, University of California, 1 
Los Angeles, California 
Department of Meteorology, University of Washington, 1 
Seattle, Washington 
Department of Meteorology, Texas A&M College, 1 
College Station, Texas 
Meteorology Department, Florida State University, 1 
Tallahassee, Florida 
Meteorology Department, University of Chicago, 1 
Chicago, Illinois 
University of Illinois, General Engineering 1 
Department, 401 Transportation Building, 
ATTN: Dr. J. E. Pearson, Urbana, Illinois 
U.S. Naval Air Missile Test Center, ATTN: Mr. 1 
Masterson, Meteorological Division, Point Mugu, 
California 
Address No. of Copies 
Director, Federal Aviation Agency, 1 
ATTN: Mr. Hilsenrod, Pomona, New Jersey 
Signal Corps Liaison Office MIT, 77 Massachusetts 1 
Avenue, Building 20C-116, ATTN: Mr. A. Bedrosian, 
Cambridge 39, Massachusetts 
Library, U. S. Weather Bureau, Washington 25, D.C. 1 
Brookhaven National Laboratories, Camp Upton, New York 1 
Department of Meteorology and Oceanography, New York 1 
University, College of Engineering, University Heights, 
New York 53, New York 
Meteorology Department, Pennsylvania State College, 1 
State College, Pennsylvania 
C. W. Thornthwaite Associates, Laboratory of 1 
Climatology, RTE 1, Centerton, Elmer, New Jersey 
